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ABSTRACT
The time-varying flow features of an axisymmetric

model with removable appendages are studied. The random
turbulence structure of the axial velocity component at an
assumed propeller plane, but in the absence of a propeller, is
examined through statistical techniques. Data are provided on
the ingested turbulence for a three-dimensional axisymmetric
geometry. The axial mean and axial fluctuating velocities are
presented over the entire boundary layer region of the assumed
propeller plane. The autocorrelation and power spectral density
functions are presented at three radii and ten circumferential
angles. The circumferential means of the axial integral length
scales obtained from this model have been found to range from
10% to 15% of the maximum hull radius. In the absence of
appendages, the largest values of this length scale occur near the
hull boundary. In the presence of the appendages, the largest
length scale occurs at the middle radius. At the outermost
radius, roughly the maximum propeller radius, the integral
length scale took on its smallest value. This value remained
constant for all appendage configurations.

ADMINISTRATIVE INFORMATION

This work was performed at the David Taylor Research Center (DTRC) in
Bethesda, Maryland 20084-5000 with work unit 1-1904-301, with funding from the Office
of the Chief of Naval Research, element 0101224N.

INTRODUCTION

Important narrowband and broadband components of unsteady forces are generated
by marine vehicle propulsors. Sources of unsteady broadband forces include propulsor
cavitation, trailing edge vortex shedding, and turbulence ingestion.

Propeller blades passing through a non-uniform velocity field experience unsteady
loads. Broadband forces result from the unsteady, nondeterministic loading of propeller
blades. The low-frequency random loads are largely generated by the interaction of the
blade with the inflow turbulence. The turbulence in the inflow to the propeller is called
ingested turbulence.

Predictions of the propeller broadband thrust spectrum1 .2.3 depend on propeller
geometry and operating parameters, including blade radius, blade number, ship speed and
propeller rpm. Predictions are further characterized by the turbulent structure of the inflow
field, relying directly on the integral length scale of turbulence. Throughout the theoretical
thrust spectrum calculation, the turbulence is assumed to be isotropic and, therefore, is
characterized by exponential decay in the longitudinal correlation. While this
approximation may be justified for grid-generated turbulence, it is unlikely to be justified
for full-scale wake turbulence.



The measured characteristics of boundary layer turbulence generated by a model of
an axisymmetric hull with removable appendages are studied in this report. The data
provide an opportunity to examine the ingested turbulence for an axisymmetrical hull
geometry. At the propeller plane, the hull boundary layer thickness is on the same order of
magnitude as the propeller radius. Therefore, the propeller operates inside the turbulent
hull boundary layer and is subjected to the random nature of turbulence. The experiments
which are analyzed in this report were conducted in a low-turbulence wind tunnel where the
free-stream turbulence level is much smaller than the boundary layer turbulence level. This
assures that the turbulence characteristics investigated are generated by the hull boundary
layer.

Numerous researchers have studied the physical mechanism of broadband force.
Experimental and theoretical investigations show that turbulence is an important source
mechanism for low frequency broadband force. Brooks and Schlinker4 have summarized
the research on helicopter rotor broadband noise. Their paper chronicles both experimental
and theoretical studies on turbulence ingestion, and links the turbulence statistics with the
far-field spectrum of radiated noise.

More recent experiments by Aravamudam and Harris 5 and Humbad and Harris 6

have examined noise radiated from model helicopter rotors in an open-jet acoustic wind
tunnel. Turbulence generation was controlled by grids mounted in the upstream section of
the tunnel. Both turbulence and acoustic data were measured and prediction schemes were
formulated to relate the two. These prediction schemes model isotropic turbulence and
contain the integral turbulence length scale. These studies found the turbulence spectrum to
follow the von Karman spectrum 7, including a -5/3 power fall-off at high frequency.

Sevik I measured and predicted the unsteady thrust generated by a 10-bladed rotor
subjected to free-stream grid-generated turbulence in a water tunnel. The measured
spectrum was characterized by a series of humps which decreased in amplitude with
increasing frequency. The theoretical predictions were based on isotropic turbulence and
included as estimate of the integral length scale.

Recently, Martinez 3 and Jiang, Chang and Liu 2 have extended Sevik's theory,
which resulted in a considerable improvement in correlation with the experimental data.
Martinez added the propeller rotational speed as a parameter into the correlation area. His
results show small humps at blade rate frequencies which do not explain the near blade-rate
humps in Sevik's experiment. Jiang, Chang, and Liu, who predict the broadband and near
blade-rate humps simultaneously, show excellent agreement with the experimental spectra.
Two critical components of the theoretical models of references 2 and 3 are the inflow
turbulence and the transfer function between the turbulence intensity spectrum and the
unsteady forces. All three applications consider the inflow to be isotropic and
homogeneous.

The flow data analyzed in this report were measured at DTRC several years ago in a
project termed SUBOFF8 .9.*. SUBOFF, sponsored by the Submarine Technology
Program of the Defense Advanced Research Project Agency (DARPA), was designed to
evaluate current computational fluid dynamics (CFD) capabilities. Simultaneous

* Huang, T.T. et al., "Measurements of Flows Over an Axisymmetric Body with Various
Appendages in a Wind Tunnel," to be presented at the 19th ONR Symposium, Seoul,
Korea, Aug. 1992.
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experiments and CFD computations were performed of the stern flow field over a generic
axisymmetric hull model with and without various appendages. Since the CFD predictions
were made without prior knowledge of the actual experimental data, an assessment could
be made of each code's design capabilities.

The scope of the SUBOFF experiments was extensive. Quantities measured
include surface pressures and shear stress, pressure profiles, and mean velocity in the
boundary layer and wake. The velocity data include axial, radial, and tangential time-
average and root mean square fluctuating velocity components and axial-radial and axial-
tangential Reynolds stresses. Selected axial mean and turbulence intensity velocity profiles
measured at the propeller plane are included in this report.

Two types of velocity measurements are presented in this report. The axial mean
and turbulence intensity velocities were measured using a three-component hot-film sensor.
These data were sampled at a rate of 150 Hz for 5 seconds. The time-varying axial velocity
components were measured at the propeller plane using a single-sensor hot film
anemometer. These data were sampled at a rate of 20kHz for 30 seconds. Measurements
were made using the single element sensor for four hull appendage configurations at three
radii and ten azimuthal positions. These time-varying data are the basis of the present
analysis of the characteristics of turbulence ingestion. Through statistical analysis of the
axial component of velocity, an estimate is made of the longitudinal integral length scale.

In an example application, the normalized autocorrelation in the time domain,
obtained from the measurements, is curve-fitted using two exponential functions and an
inverse polynomial. The Fourier transform of these approximations represents the spectral
density function of the measurements fairly well over the low to mid frequency range.
There is some uncertainty in the spectra obtained from measurements for higher
frequencies.

VELOCITY MEASUREMENTS

The velocity measurements were made several years ago under the SUBOFF
project. Figure 1 is a schematic diagram of the generic model in the Anechoic Flow Facility
(AFF) of the David Taylor Research Center (DTRC). As shown in Figure 1, the
cylindrical coordinate system, with origin at the model nose, is adopted. X measures
distance downstream, r measures radial distance, and 0 measures angular distance. The
angular position is defined positive clockwise with respect to the upright (12 o'clock)
position, viewed from bow to stem.

The SUBOFF model has the following dimensions: overall length L of 4.36 m,
forebody 1.02 m, parallel middle body 2.23 m, afterbody 1.11 m, and a maximum radius,
Rmax, of 0.25 m. Although no propeller was used in the experiment, measurements were
made at an approximate propeller location of x/L--0.978. A removable fairwater of length
0.37 m is located at 00 with leading edge at x/L=0.212. Four identical stern appendages,
also removable, are located with trailing edge at x/L--0.920 and with centerlines at 00, 900,
1800, and -90o.

Two struts support the model from below at 0=1800. These struts influence the

mean flow over a ±300 envelope. Therefore, any measurement in the 1500 to 2100 range
may be contaminated by strut effects.
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All experiments were conducted at a Reynolds number, based on model length, of
1.2x107. To assure turbulent flow, a trip wire was placed on the hull at 5% of the model
length. The appendages were untripped.

At the assumed propeller location x/L=0.978, simultaneous time-varying velocity
measurements were made at ten azimuthal locations. Measurements were taken using ten
single sensor hot-film probes placed in a rake. The sensors were paired in the rake. Each
of the sensors in a pair was separated by an 180 angular gap. Each sensor pair was
separated by 540 . The rake provides for measurements at three radial locations,
r/Rmax=0. 3 , 0.4, and 0.5. At the test Reynolds number, the flow at all three radii was
inside the boundary layer. A schematic of the probe rake and sensor arrangement is shown
in Figure 2.

The accuracy of the hot-film measurements was addressed in Reference 10. The
largest axial velocity uncertainty, ±2.12%, was estimated to occur from the speed
calibration. The repeatablity of the axial velocity was estimated at ±0.04%. The overall
accuracy of the axial velocity was found to be ±2.21%.

The single sensor probes were aligned to measure the axial component of the
velocity. Data were sampled at a rate of 20 kHz for 30 seconds. The resulting 600,000
velocity measurements for each probe location were stored on a computer before the probes
were moved to a different radial position in the wake.

Identical velocity measurements were made for four model configurations: bare
hull, hull with fairwater, hull with four identical stem appendages, and hull with both
fairwater and stem appendages. These configurations are summarized in Figure 3. Data
for the bare hull serve as a basis on which to examine the flow effects due to the
appendages.

STATISTICAL ANALYSIS

The measured axial velocity described in the preceding section is random in nature.
This type of data is conveniently interpreted using statistical techniques to compute mean
values, correlation functions, and spectral density functions. The axial component of mean
velocity, denoted iii, is derived from the time data by

- lim I NUI =-- jlux(tj) (1)
UX j=l

where N is the number of data samples and tj is the time.

The axial component of the velocity fluctuations is given as

u(ti) = ux(tj) - ux(2)

The turbulence properties relating to the broadband force may be described in terms
of velocity correlations in time. The autocorrelation function relates the velocity received at
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a measuring point at time t to the velocity received at the same point at a time delay tj+t.
The axial autocorrelation function, denoted Rxx, at time delay r is given by

lii 1 N
j=I 'Ri (1 IIu.'(tj) ux(tj+.C) (3a)RXX(% N--w N .=

The axial integral length scale A, derived from the autocorrelation curve is

A = R x [RXX(,r) d (3b)

0

Taylor's hypothesis of frozen convection11 is assumed in this derivation. In this
hypothesis, turbulence is regarded as a frozen pattern of eddies being swept past the
observer at a fixed speed, i.e., the mean velocity iix.

The autospectral density function describes the general frequency composition of
random data in terms of the spectral density of its mean square value. The spectral function
is useful for determining the frequency range of the energy generated by the turbulence.
Although this function is the Fourier transform of a correlation function, the SUBOFF
spectra were obtained directly from the hot-film velocity measurements. The axial
autospectrum, denoted S,, is given by

S (f) = lim 1 E[IX(fT) 12 ]
T-X T

where

N N
I X(fT) 12 = E [ux(tj)cos2ftJ]2 + Y [u,(tj)sin2ftJ]2  (4)

j=l j=l

TURBULENCE INGESTION RESULTS

The radial variation of the mean axial velocity and turbulence intensity
measurements for each appendage configuration at three selected angular positions on the
hull are shown in Figure 4. These data were measured using the three-element sensor and
the 150 Hz sampling rate. The results indicate the fairwater and stern appendage effects at
0=00, the stern appendage effects at 0=-900, and the bare hull effects at 0=1440. As
expected, the bare hull data, Figure 4a, collapse to a single curve. This collapse indicates
that the model is properly aligned in the wind tunnel and that the hot-film system is
working correctly.

The effect of the fairwater, represented by the profile at 0-0", is clearly visible in
Figure 4b. The two profiles away from the fairwater at 0=1440 and -90" closely resemble
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the bare hull profiles. However, the fairwater creates a higher velocity near the hull wall
and a lower velocity away from the wall when compared with the bare hull profiles.

The influence of the stem appendages is shown in Figure 4c. The two appendages
at 00 and -900 create a much larger velocity near the hull. The velocity approaches the bare
hull value near the edge of the boundary layer.

Finally, Figure 4d shows the influence of the individual appendages on the mean
velocity. In the inner boundary layer region, the combination of fairwater and stern
appendage produces a dramatic increase in velocity at 0=00. A somewhat smaller but
substantial velocity increase at -900 results from the stem appendages alone. In the outer
boundary layer region, the velocity at 00 is slower than at either 1440 or -90". Comparison
of Figure 4d with the 00 profiles in Figures 4b and 4c, reveals that the velocity decrease is
caused by the fairwater.

The turbulence intensity distributions, also shown in Figure 4, are fairly similar for
the different configurations and angular positions. The intensities are largest in value close
to the hull surface and decay to almost zero before reaching the maximum hull radius.

Figures 5 and 6 present the circumferential variation of the mean velocity and
turbulence intensity measurements at the three measurement radii, r/Rma=--0.3, 0.4 and 0.5.
In each of these figures, results for an appended hull configuration are compared with the
bare hull. The data were measured in 10 to 20 increments using a three-element sensor at a
sampling rate of 150 Hz. The dashed vertical lines, indicating the locations of the ten
single-element time-varying measurement sensors, are for reference purposes only. The
flow disturbance created by the support struts at 0 = 1800 + 300 is shown clearly in these
figures. The velocity trends noted in Figure 4 are reinforced in Figures 5 and 6. For
example, Figure 5a shows the higher velocity generated from the fairwater when compared
to the bare hull. This difference in velocity rapidly dies out as the radius increases.

The autocorrelation functions, derived from the hot-film, time-varying
measurements of the axial velocity, are shown in Figure 7. The ordinate has been
normalized by the autocorrelation function at time delay r=0. The data for all four
configurations are shown on a single graph. The g,-aphs are grouped by increasing radius
and paired by their placement in the probe rake.

The autocorrelation functions in Figure 7 exhibit several striking features. First, the
degree of axial velocity correlation diminishes rapidly. For all the measurements, the
correlation reaches a value of zero prior to 0.020 sec. This clearly illustrates the random
nature of the turbulence in the boundary layer. Second, the correlation profiles display
various degrees of similarity as the hull configuration is modified. For example, the
correlations are quite similar for all geometries at the outermost radius, r/Rma=--0.5. An
exception occurs at 0 = -900 where the velocities generated by the stern appendages are
more uncorrelated than at the other angular positions. At r/Rma=--0.3, the innermost radius,
greater variation in the correlation function exists than at the outermost radius. The
correlation function at this innermost radius decreases rapidly for data within ±180 of a
stem appendage, as illustrated at -18° , 00, 720, -900, and -72".

Figure 8 shows the computed values of the axial integral length scale for the various
model hull configurations. The integral length scales range in value from 0.7 in. to 1.9 in.
For the bare hull and hull with fairwater, the smallest length scales are approximately I in.
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and occur at the outermost radius. For the configurations with stem appendages, the
smallest length scale is 0.7 in. This value occurs at 0=-900, which is the centerline of the
stem appendage profile. For stem-appended configurations, there is little variation in the
length scale with radial position at this angular position, indicating the presence of small
eddies directly behind the appendage. This trend is also exhibited at 0=00 for the hulls
with appendages, i.e., fairwater and/or stem appendages.

With the exception of 0=126', the largest values of A for the stem-appended hull
occur at the middle radius r/Rmax--0.4. This suggests that the largest eddies are
concentrated at a radial distance of 4 inches (1.6 cm) from the model hull surface.

Table 1 gives the circumferential mean values of the integral length scales for the
four hull configurations. Without the stem appendages, the largir length scales occur
closest to the hull. With the stem appendages, the middle radius has the largest length
scale. The radial means are also shown in Table 1. These radial mean values indicate that
the fairwater has little effect on the integral length scale at the propeller plane. This may
perhaps be a result of the large distance between the fairwater and the propeller plane. A
slight reduction in the mean integral length scale occurs for stem-appended configurations.

Table 1. Computed longitudinal integral length scale A as percentage of maximum
hull radius Rmax=10 in. (25.4 cm) at x/L=0.978 of the DARPA SUBOFF model

r/Rmax Bare Hull Hull with Hull with Hull with
Fairwater Stem Fairwater

Appendages & 4 Stem
_ Appendages

0.3 15.1% 15.3% 11.4% 11.6%
0.4 13.8% 12M 14.8% 14.3%
0.5 10.4% 10.7% 10.4% 10.9%

Radial verag 13.1% _13.0% _12.2% 12.3

The autospectral density functions are also derived directly from the measured hot
film data. These functions are shown in Figures 9 through 12. Typically, the spectra
contain three energy regions, each distinguished by a spectra with a unique slope. The
largest energy is concentrated in the low frequency region, i.e., frequencies less than 100
Hz. The slope in this region approaches zero as the frequency approaches zero. As the
distance from the hull surface increases, the energy in this region is seen to decrease. The
region of zero slope extends to higher frequencies in the vicinity of the appendages. This is
illustrated from the two stem appendage configurations. At the innermost radius,
r/Rmax=0. 3 , Figures 1 la and 12a show the slope approaching zero for azimuthal angles
closest to the appendages. These angles include 00, 720, -90° , and -180. This indicates
that the appendages create smaller eddies compared with the bare hull configuration.

The mid-frequency range for these data contains frequencies between roughly 100
and 1000 Hz. The spectra slopes in this region are approximately -1 for the bare hull and
the hull with fairwater at all three radii. Under the influence of the stem appendages, the
spectra slope flatten with increasing distance from the hull, shown at 00 and -900.
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Finally, the spectral densities in the high frequency range of these data, _1000 Hz,
are fairly insensitive to changes in configuration and distance from the hull. The slope of
all curves is approximately -4 which is greater than the -5/3 slope of grid generated
turbulence. This region is also characterized by energy spikes. These spikes are not
caused by turbulence but are an artifact resulting from the instrument resonance.

EXAMPLE APPLICATION

In this section three different equations are applied to represent the integral length
scale A obtained from the SUBOFF measurements. In order to apply the AFF turbulence
characteristics to various forward speeds and model lengths, the time scale in the
correlation curves will be normalized to the time at which Rxx(tr)/Rxx(O) = 0.5, denoted as
to.5. In previous applicationsl,23 , turbulence correlation was assumed to be an exponential

function, Rxx(c)/Rxx(O) = e-uxT/A, where A is defined as the turbulence length scale. The
exponential correlation function is shown in Hinze7 to be a good assumption for grid-
generated turbulence, providing excellent agreement between measured and theoretical
results for longitudinal (axial) and transverse correlations and spectral distribution.

In the current application, three curves are chosen to simulate the axial correlation
behavior of the bare hull SUBOFF measurement data. Two curves are exponential of the
form

Rxx( )/Rxx(O) = e'-5x/A (5a)

where

A = u tO.5 (5b)ln(0.5)

or

A ux JRxx(tr) dr (5c)A-Rxx(0) 0

The first approximation in Eqs. (5a) and (5b) passes through the data point at to.5.
The second curve, using Eqs. (5a) and (5c) has the same area as the measured data curve.
A third approximation, an inverse polynomial, is generated to match the bare hull
experimental data at the innermost radius, r/Rm.=0.3. This equation is:

1
Rxx(C)IRxx(0)-= 1 +0.996(t/t0 .)+0.004(t/t 0 .5)3  (5d)

Figure 13 presents the comparison for the bare hull configuration of the
experimental correlation results with the three equations provided above. The exponential
curve matching the correlation area has been used in the propeller force calculation of Jiang,
et al.2 . This curve is shown in Figure 13 to be a fairly good representation of the

8



correlation function at the outer radius. However, at the inner two radii, this curve fails to
represent the experimental correlation for this set of data. Also, the curve-fit to the data at
the radius r/Rmax=0.3 does not match the experimental correlation at the outer two radii.
These observations suggest that the turbulence measured on the SUBOFF model is a
complicated phenomena which must be represented by some local flow properties. The
effects of all three approximations on the propeller force calculation should be investigated.

The frequency and spectrum functions can be normalized using the mean velocity

x, the velocity fluctuations u 2, and the displacement thickness 8*. If the abscissa of the

turbulent spectra are presented as ow*/iiX and the ordinate as SXX(f) / u2 , the Fourier
transform of these three correlation functions are given in Figure 14. Turbulence spectra
measured in the AFF for the bare hull at r/Rma,=0.3, 0.4, and 0.5 at 0=00 are furnished in
Figure 15 for comparison. Figure 15 demonstrates that the turbulent spectra can be
collapsed to a single curve at outer radii or at higher frequency under the proper
normalization. The turbulence spectrum derived from the exponential match at t0 .5
provides a good description of the measured spectrum in the low frequency region
containing the highest energy. However, the slopes differ significantly at higher
frequencies. Here, the slope of the analytical curves approaches -5/3 whereas the slope of
the SUBOFF experimental data is -4. The causes of these differences are unclear at this
time. One possible explanation is that the Reynolds number, Re (A), for the laboratory test
may be too small for the inertial subrange to be established. Tennekes and Lumley 12 show
that the slope of the spectrum approaches -2 as the Reynolds number increases. It is
expected that full-scale tuftulence resulting from a higher Reynolds number would exhibit
the inertial subrange and would follow the 0c5/ 3 law. Also, the signal to noise ratio in this
frequency range may be too low to provide meaningful turbulence spectra. This high
frequency region contains a small fraction of the total turbulent energy and probably is not
critical to full scale applications. Further study of this area is required to understand the
physical phenomena.

Next, the theoretical transverse correlation is calculated based on the exponential
longitudinal function using the assumption of isotropic and incompressible flow. The
measured transverse correlation points are given in Figure 16 along with the theoretical
curve. These measured results do not satisfy the isotropy condition assumed in theory.
The measured data were taken at one fixed angular separation, namely 180. Therefore, the
anisotropy extent can not be fully determined from these limited results.

CONCLUSIONS

Through statistical analysis of mean and time varying velocity measurements,
certain features of the turbulent flow generated at the propeller plane, in the absence of a
propeller, by an axisymmetric model with removable appendages have been studied. The
mean axial velocities and turbulence intensities clearly exhibit a three-dimensional nature in
Figures 5 and 6. As expected, the flow disturbances are greatest near the hull surface and
decay with increasing distance from the hull.

In the time domain, the autocorrelation functions of the axial velocity component in
Figure 7 show a rapid decrease with separation time. This behavior illustrates the random
nature of the turbulence in the boundary layer. The spectral analyses in Figures 9 through

9



12 show that the highest energy content of the axial velocites is in the frequency range less
than 100 Hz. The circumferential average of the axial integral length scales computed from
the autocorrelations, a measure of the turbulent eddies, range from 10% to 15% of the
maximum hull radius. The fairwater was found to have little effect on the value of the
integral length scale. Both the bare hull and the hull with fairwater configurations showed
a decrease in integral length scale with increasing distance from the hull. The largest
integral length scales for the stem-appended models occurred at the middle radius,
suggesting additional flow mixing created by the presence of the stem appendages.

Finally, in an example application of these measurements, three analytic
approximations were generated to a normalized, bare hull correlation function. Applying a
Fourier transformation to these analytical representations yielded a frequency spectrum
which closely matched the spectrum derived from the experimental data for frequencies less
than about 1000 Hz. Above 1000 Hz, the analytically-derived spectrum approximated the -
5/3 slope noted by previous researchers; the spectrum derived from measured data
produces a slope of -4. It is unclear if these differences result from actual physical
phenomena or are simply shortcomings in the measurement data. The Reynolds number of
the test may be too small for the inertial subrange to be established or the signal to noise
ratio in this high frequency range may be too low to provide meaningful turbulence spectra.

Considering that the AFF-SUBOFF data were measured for CFD validation and
never intended for turbulence ingestion analysis, the results of the present study have
provided useful information into the turbulence characteristics of an axisymmetric body
with appendages.
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Fig. 3. SUBOFF model configurations.
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